Abstract: New interface-selective second-(χ (2) ) and fourth-order (χ (4) ) nonlinear spectroscopies were developed. The χ (2) electronic sum frequency generation spectroscopy provides precise interfacial electronic spectra. Vibrational spectra of buried interfaces are acquired in the whole fingerprint region by the χ (4) Raman spectroscopy.
Introduction
"Interface" is now one of the most important keywords in materials science and life science. Among numbers of experimental techniques to investigate interfaces, the even-order nonlinear spectroscopy holds a special and unique position that cannot be replaced by the others. The interface selectivity of the even-order nonlinear spectroscopy is based on the principle that χ (2n) (the nth-order nonlinear optical susceptibility is written as χ (n) ) is zero in the bulk but can be nonzero at interfaces within the electric dipole approximation. By using the even-order nonlinear spectroscopy, one can obtain electronic and vibrational spectra of interfaces non-invasively in the ambient atmosphere, which provide essential information for identifying interfacial species, determining structure and orientation, and considering microscopic functions of the interfaces.
Second harmonic generation (SHG) and IR-visible (vis) vibrational sum frequency generation (VSFG) have been the most powerful methods in the even-order nonlinear spectroscopy [1] [2] [3] [4] [5] [6] [7] . SHG and VSFG have been applied to variety of liquid and solid interfaces, and have provided very fruitful and interesting results. However, their technical limitations are being recognized recently, which restricts further contribution of the even-order nonlinear spectroscopy to interfacial science. Herein, we report new even-order nonlinear spectroscopy to get over the limitations of SHG and VSFG for extending the frontiers of interfacial science.
Electronic Sum Frequency Generation
Interface-selective electronic spectra can be measured by the resonance SHG method: The SHG intensity is recorded point by point while scanning the fundamental excitation wavelength, as Heinz et al. first reported the SHG spectra of dye molecules on silica [8] . However, it is very difficult to acquire high-quality electronic spectra of interfacial molecules by this scanning technique. To overcome this problem, we developed the electronic sum frequency generation (ESFG) spectroscopy [9, 10] , where femtosecond near-infrared and white-light continuum pulses are used as ω 1 and ω 2 pulses, respectively, and the sum frequency signal generated at an interface is detected by a multichannel detector. The energy diagram of ESFG is shown in Fig. 1 .
ESFG can provide precise electronic |χ (2) | 2 spectra with a much higher signal to noise ratio and denser spectral data points than SHG, owing to the multiplex advantage. For example, Fig. 2(a) shows the ESFG spectrum of sub-monolayer coumarin 314 spin-coated on a fused-silica glass plate. The data quality of this ESFG spectrum is far beyond comparison with that of any SHG spectra reported to date. In Fig. 2(b) , the UV-vis absorption spectrum of the same sample is shown for comparison. The UV-vis spectrum looks smoother than the ESFG spectrum, but actually the measurement time of UVvis was seven times longer than that of ESFG, because of the low absorbance of the sub-monolayer sample, which clearly indicates the excellence of ESFG. We have applied ESFG to a study of interfacial solvent polarity, which will be discussed in detail in the CLEO symposium. 
χ (4) Raman
Vibrational spectra of interfacial molecules can be measured by the VSFG spectroscopy that has been widely utilized since the first demonstration by Shen and co-workers [11] . The molecular structure of liquid and solid interfaces has been extensively studied by VSFG. However, VSFG has one weak point that it cannot be readily applied to buried interfaces, because an IR input beam cannot reach interfaces sandwiched by most common liquids and solids that have very strong absorption in the IR region of interest. Recently, for the purpose of developing an alternative to VSFG, the frequency-domain homodyne χ (4) Raman spectroscopy was developed by our group [12] . (The timedomain χ (4) Raman spectroscopy was also recently reported by Fujiyoshi and co-workers [13, 14] .) These χ (4) methods can be applied to buried interfaces without difficulty, because IR light is not used. Very recently, we developed a more sophisticated method, the heterodyne χ (4) Raman spectroscopy in the frequency domain, which is technically built on ESFG. The energy diagram is shown in Fig. 3 . The χ (4) polarization creates signal light having the same photon energy and the same propagation direction as that of ESFG. Therefore, the χ (4) signal is heterodyne-detected with the χ (2) ESFG light that acts as a local oscillator. Fig. 4 (a) and (b) show the χ (4) Raman spectra of rhodamine 800 at the air/water and fused silica/water interfaces, respectively. Note that VSFG cannot be applied to this silica/water interface for the present wavenumber region, because of the very strong IR absorption of water and silica. It is also noted that the time-domain χ (4) method cannot give a wavenumber range higher than 1000 cm -1 , because of the bandwidth limitation of available femtosecond pulses. Thus, the χ (4) Raman spectroscopy in the frequency domain is advantageous over the other existing methods to obtain fingerprint vibrational spectra of buried interfaces. The spectra in Fig. 4 indicate that the C≡N stretching band at 2200 cm -1 sensitively probes the molecular environments. In the CLEO symposium, the novel H-bonding structure of the interfaces will be discussed in detail. 
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